The experiment reports a kind of L-band dissipative soliton resonance (DSR) nanosecond Er-doped fiber laser. The passive mode-locked L-band DSR pulse is achieved in a figure-eight structure by using the nonlinear-amplifying-loop-mirror (NALM). The repetition rate of pulse is 468 kHz. At the maximum pump power of 398 mW, the output power is 25 mW with a pulse energy of 45 nJ. By adjustment of polarization state in cavity, the output pulse can be switched among 4 different DSR states with central wavelength of 1572, 1585, 1590 and 1605 nm discretely, presenting different peak power and pulse width. We can determine that the adjustment of polarization state changes the loss spectra of cavity and the 4 DSR states operate in different balance points. The tunable DSR pulse duration is from 120 to 150 ns by increasing the central wavelength.
Introduction
In recent years, erbium-doped fiber lasers (EDFLs) operating in L-band (1565-1625 nm) have become a hot spot of research in the field of laser due to the extensive applications in the field of optical communication, medicine, sensing, and laser spectrometry [1] , [2] The mode-locked spectrum centered in L-band can enlarge the bandwidth of optical communication and sensing [3] , [4] . Although the gain coefficient of erbium-doped fiber (EDF) in L-band is much lower than that in C-band (1530-1565 nm), EDF's mode-locked gain spectrum shifting to L-band could be realized by bringing the losses to cavity to sustain the population inversion of EDF at a low level [5] , or utilizing two segments of different EDFs to optimize the gain profile and dispersion in cavity [6] . Besides, in order to realize L-band laser pulses output from nanosecond to femtosecond, different passively mode-locked techniques or devices have been put into applications, such as semiconductor saturable absorber (SESAM) [4] , nonlinear polarization rotation (NPR) [6] - [9] , nonlinear optical loop mirror (NOLM) [5] , [10] , nonlinear amplifier loop mirror (NALM) [11] , carbon nanotubes (CNT) [12] and graphene [13] , [14] . These L-band pulses can operate both in normal and anomalous dispersion regimes and exist in various forms of solitons such as conventional solitons, similaritons, bound solitons and dissipative solitons. In 2008, the new soliton operation regime, dissipative soliton resonance (DSR) was put forward by Chang et al. [15] , which has been expected to generate high pulse energy. Different from conventional solitons, the DSR pulse energy and duration could increase unboundedly refraining from wave breaking with the increasing pump power [16] - [18] . Thus, making pulse operating in DSR region is an appropriate way to generate high power nanosecond square-profile pulse in mode-locked cavity. On the other hand, tunable or switchable wavelength mode-locked fiber lasers have attracted much attention in recent years, which can be widely applied to wavelength division multiplexing communication, optical signal processing and precision spectroscopy [19] , and there are various methods to realize them, such as nonlinear polarization evolution (NPE) [20] , [21] , fiber taper [22] , Bragg grating [23] , [24] , hybrid mode-locked technique [25] and so on. However, there is little relevant reported work at pulses in DSR region. In theory, the DSR phenomenon is irrelevant to the operation wavelength. Very recently, 38 nm tuning range of DSR laser at 1 µm band [26] and switchable wavelength DSR laser at 2 µm band have been demonstrated [27] . As far as we know, EDFL generating DSR pulse with switchable wavelength in L-band has not been demonstrated.
In this paper, we report an L-band DSR Er-doped fiber laser locked mode by NALM lasing nanosecond DSR pulse. Duration of pulse whose wavelength is centered at 1590 nm increases from 14 to 125 ns with the raise of pump power. At the maximum pump power of 398 mW, the output power is 25 mW and the single pulse energy reaches 45 nJ. By adjusting the polarization state, we firstly acquire L-band laser pulses switching among 4 different DSR states with different central wavelength, pulse width, and peak power. The tunable pulse width is from 120 to 150 ns by increasing the central wavelength.
Experimental Setup
The experimental setup is depicted in Fig. 1 . The figure-of-eight fiber laser consists of a NALM and a unidirectional ring (UR) shown at the left and the right, respectively. The NALM part is composed of a 340 m single mode fiber (SMF-28, with a GVD parameter of 17 ps/ns/km) allowing for providing accumulated nonlinear phase shift for propagating pulses, 5 m EDF (EDFL-980HP, with a GVD parameter of −15 ps/nm/km) whose length is experimentally considered for the gain spectrum covering the entire L-band, a 980/1550 nm wavelength division multiplexer (WDM), two polarization controllers (PC) interposed in two terminals of the NALM to adjust the polarization state of pulses, and a 976 nm laser diode (LD) supplying the maximum pump power of approximately 398 mW. The UR part is composed of an isolator (ISO) to ensure the unidirectional transmission of laser and a 10:90 fiber coupler (1 × 2). These two parts are connected by a 3-dB fiber coupler (2 × 2). The output power is detected by a power meter with the measurement range of 100 mW. A 1-2 µm In-Ga-As fast photodetector together with a 2 GHz oscilloscope is employed to monitor the pulse train. The intensity autocorrelation trace of DSR pulse is measured by an autocorrelator (APE-PulseCheck-USB-150). Furthermore, the radio frequency (RF) spectrum and the optical spectrum are monitored by a RF spectrum analyzer and an optical spectrum analyzer, respectively.
Experimental Results and Discussions
Adjusting the statement of PCs properly, we can observe self-started DSR mode-locked pulses when the pump power reaches over 70 mW. Fig. 2(a) shows the evolution of pulse envelop at the launched pump power range of 99-398 mW. The width of mode-locked rectangular pulse broadens with the pump power increasing. The flat autocorrelation trace showed in the inset does not display any coherent peaks in a 150 ps span, suggesting that the pulse is not comprised of any sub-pulses. It distinguishes the DSR pulse from the noise-like pulse [28] . Fig. 2(b) displays the corresponding optical spectrum at the same pump power range. It can be seen that the spectrum is always centered at 1590 nm and the spectral intensity gradually increases with the pump power growing. The RF spectrum in Fig. 2(c) shows that the fundamental cavity repetition rate is 560 kHz corresponding to a ∼365 m long cavity, and the signal to noise ratio reaches about 74 dB. The inset in Fig. 2(c) displays the RF spectrum in a span range of 200 MHz, which confirms that the fiber laser achieves a stable mode-locked state. It is noteworthy that multi-pulse oscillation does not exist during the broadening process of pulse, which conforms to the DSR operation. The pulse train recorded during 25 µs is shown in Fig. 2(d) , which has tiny peak power fluctuation in the time domain. Fig. 3 shows the variation of average output power, pulse width, pulse energy and peak power with pump power for the DSR pulse whose central wavelength is 1590 nm. In the pump power range of 70-398 mW, the output pulse width range expands linearly from 14 to 125 ns, the output power increases from 3.5 to 20.6 mW ( Fig. 3(a) ), and the pulse energy increases from 6.2 to 36.3 nJ. It is noted that the peak power is basically stable at about 300 mW ( Fig. 3(b) ), caused by peak power clamping (PPC) effect [29] , which is the distinguishing feature of soliton operating in DSR regime.
Through precise adjustment of polarization state by PC, 4 different DSR states in L-band are switchable in the cavity. Their central wavelengths are 1572 nm, 1585 nm, 1590 nm and 1605 nm, respectively, as shown in Fig. 4(a) . After forcing the laser into one of the DSR states, the position of PC could be changed in a narrow range maintaining the DSR state with only 1-2 nm shift of spectrum. The spectral shapes of 4 kinds DSR pulses are all close to Gaussian lineshape, 3-dB bandwidth of which is separately 13 nm, 5 nm, 7 nm and 4 nm at the pump power of 398 mW. Fig. 5(b) shows the corresponding single pulse waveforms of 4 DSR states. The pulse widths are respectively 58 ns, 120 ns, 124 ns and 150 ns, broadening with the increasing of the wavelength.
When the pump power is adjusted in the range of 70-398 mW, the relationship between pulse width tunable range and pulse center wavelength is presented in Fig. 5(a) . It can be found that the pulse duration and their tunable range increase with the central wavelength stretching. In particular, when the pump power is 398 mW, the width of DSR pulse which has 1605 nm central wavelength reaches 150 ns (the widest in 4 DSR states). When pump power is adjusted within the same range, the relationship between pulse energy tunable range and central wavelength is shown in Fig. 5(b) . We can see that the energy of DSR pulse centered at 1585 nm is the highest, reaching 45 nJ.
In order to explain the L-band switchable wavelength DSR in the fiber laser, the spectrum of ASE is detected under the DSR pump threshold, as Fig. 6 shows. When the pump power is 50 mW, the ASE spectrum focuses on 1510-1570 nm and the element of L-band presents about 8 dB below C-band. Increasing the pump power to 65 mW, the ASE spectrum intensity rises dramatically in L-band which forms 3 spectral peaks and the spontaneous emission of photons covers from 1520 nm to 1610 nm. The middle peak corresponds to the DSR wavelength of 1572 nm and the long wavelength peak covers the DSR wavelength of 1585 nm, 1590 nm and 1605 nm. Farther increasing pump power, DSR operation is achieved and the spectrum is focused in L-band as Fig. 2(b) shows. On the one hand, an overlong gain fiber is employed in the experimental setup. The emission of L-band photons occupies large proportion on account of the reabsorption to C-band photons, situating the absorption and emission peak of Er 3+ , guides the gain spectrum to move to the longer wavelength. Hence, the preponderance of gain competitive is established at L-band. On the other hand, the birefringence or polarization direction in the cavity adjusted by PC determines the loss spectra switching [30] . In the experiment, 4 DSR states obtained by precisely adjusting the polarization state of cavity operating in balance points, which exactly satisfy the coherence condition at the corresponding wavelength.
Conclusion
In conclusion, we have demonstrated a wavelength-switchable and duration-tunable mode-locked fiber laser based on the figure-of-eight construction of cavity launching 4 DSR pulses in L-band with different central wavelength (1572, 1585, 1590 and 1605 nm). The polarization state controls the loss spectra of cavity and the 4 DSR states operate in different balance points. The tunable pulse duration is from 120 to 150 ns by increasing the central wavelength. At the maximum pump power of 398 mW, for pulse with central wavelength of 1590 nm, the output power is 25 mW with a pulse energy of 45 nJ. The flexibility of switching and tuning pulse parameter is potentially well-suited for applications in the laser detection, high-energy physics experiment and other fields.
